Abstract. Shear failure of the RC beam-column joints is a brittle failure which has no prior warning and can induce tremendous damages because of collapse of column and joint before the connected beam. This paper is focused on one particular method of strengthening the RC joints, that is, the use of FRP composites as confining element. The results of previous studies have shown that strengthening the RC beam-column joints with FRP composites can improve their shear capacity. In this study, the data collected from the existing standards and studies regarding the FRP strengthened RC joints were used to develop an artificial neural network model for predicting the shear strength contribution of FRP jacket. The developed model was then used to evaluate the role of different parameters on this contribution, and finally derive a formula for contribution of FRP jacket to the shear strength of the RC beam-column joints.
Introduction
The idea of using fiber reinforced polymer (FRP) composites as confining component was first introduced in 1982 by Fardis and Khalili [1] . Later, this idea was developed by laboratory and analytic works of other researchers, such as Lee et al, who used FRP jacket for shear and flexural strengthening of joints [2] , Antonopoulos and Thanasis, who studied the use of fiber reinforced polymer (CFRP) composites for strengthening of beam-column joints with focus on fiber debonding [3] , and Parvin and Granata [4, 5] , who studied the effect of FRP on RC joints through computer modeling as well as laboratory work. These studies have been generally focused on augmenting the shear strength.
The effectiveness of FRP for shear strengthening of RC joints is associated with multiple factors including dimensions of joint, modulus of elasticity of composite material, etc. Considering the complexity of shear failure mechanism and the multitude of parameters affecting the shear capacity of FRP jacket, the use of artificial neural networks (ANN) could be a good solution for finding the relationships between these parameters and their effect on shear strength contribution of FRP component. In this study, an ANN model is developed to predict the shear strength contribution of FRP jacket to shear-strengthened RC joints.
Artificial Neural Network
Artificial Neural Network (ANN) is an intelligent system which has had extensive applications in science and engineering since the late 1980s. ANNs can be described as extremely simple electronic model of the human brain. Learning mechanisms of the brain are based primarily on experience, and the extraordinary power of the brain to absorb these experiences originates from the presence of a tremendous number of neurons and their natural connections. The core principles 3 of ANN models are based on a similar logic [6] [7] [8] [9] [10] [11] . A schematic representation of neurons in a network is shown in Fig. 1 . Application of ANNs in predicting the response of structural elements has been considered by some researchers [12] [13] [14] [15] [16] [17] [18] [19] .
ANNs input parameters
This study was performed using a set of empirical data regarding the FRP-strengthened RC joints.
In all collected data, shear strength contribution of FRP was obtained through the following procedure. First, in each experiment, at least one control specimen was used to determine the baseline shear strength of the joint. This baseline shear strength is the sum of shear strength contribution of concrete and that of steel stirrups (when present). Next, the shear strengths of the FRP-strengthened specimens identical to the control specimens were obtained. Finally, the shear strength contribution of FRP was obtained by subtracting the baseline shear strength from the shear strength of the corresponding FRP-strengthened specimen.
Initially, data pertaining to 155 FRP-strengthened joint specimens was collected . Of these 155 specimens, 34 specimens had shown debonding during the test and could not be used. Also, 55 specimens had an undesirable mechanism of failure (failure in beam before FRP reaching its capacity in the joint), and were therefore removed from the data. The use of such data instances in the network training will lead to error, because the joint specimen fails before reaching its maximum shear capacity, which means it would have sustained a greater shear force if the beam had a greater shear capacity. Also, 8 specimens were also strengthened with other types of reinforcement, and were therefore removed from the data to ensure the uniformity of inputs. So ultimately, 58 specimens remained for analysis.
After collecting the suitable data for the network, we needed to choose the parameters that would 4 affect the output values. After reviewing the literature [52, 53] In this study, shear strength contribution of FRP (Vf) was considered as the output. Table 1 shows the statistical characteristics of the laboratory specimens used in the networks.
Modeling of the artificial neural network
In total, 9 networks with different number of hidden neurons (2 to 10) were trained. The next step after the training was to identify the best network, and then to compare its results with the experimental data. The mean squared error (MSE) and regression value of the developed ANNs are shown, respectively, in Fig. 2 and 3 .
All ANNs were trained using the Levenberg-Maequardt algorithm with back propagation method [54] . The back propagation-based ANNs often use the transfer functions Log sigmoid and Tan sigmoid. These functions can also be used for the output function, but that means limiting the 5 output to a small value. The better option for the output function is the Purlin function which allows the output to take any value. The stop condition for training algorithm is the minimization of MSE, that is, the mean squared difference between the output and the target value.
One of the criteria based on which the best ANN can be determined is the regression value. The regression value (R) measures the correlation between the ANN outputs and the target values; R=1
represents a perfect correlation between the output and the target value, while R=0 means any relationship between the output and the target value would be random. In this study, MSE and regression value were used as the criteria for selecting the ideal network.
As it can be seen, all ANNs were properly trained and the obtained errors were very small. The In view of the described results, it was concluded that the ANN modeled with six hidden neurons has been properly trained for input and output data and is suitable for the remainder of work.
3.1.Comparison of the ANN results with experimental data
To validate the developed ANN, its results were compared with the experimental data. But the direct use of ANN is not a common practice in engineering design; so instead, this paper provides a nonlinear relationship capable of predicting the FRP shear strength contribution.
To derive this formula, first, each parameter needed to be initialized with a value (within its 7 variation range). Here, values close to the average values of the parameters were chosen for this purpose. The base values assumed for different variables are shown in Table 3 . After determining the base values, one of the six input parameters was considered as variable, and the range of its variation was divided into several parts. This division needed to be such as to include the upper and lower bound of the variation range as well as the base value.
The relationship between the ANN output and the parameter (D) was examined. This parameter was chosen because of the low sensitivity it showed during the weight analysis. To determine the relationship between the ANN output and the parameter (D), the other 5 parameters were initialized with their base values, and (D) was gradually changed from its minimum value to its maximum. The effects of these changes on the ANN output are shown in Fig. 8 . After determining the relationship of (D) with the ANN output, the same procedure was used to determine the relationship of the output with other 5 parameters.
The algorithm structure was derived from the algorithm of Leung et al. (2006) for calculation of final strain of FRP in flexural-strengthened beams [55, 56] . The resulting model is in the form of equations 1 to 6. Fig. 8 to Fig. 28 show the graphs of correction factors of other 5 parameters.
After averaging the values obtained for each parameter, the correction factors were determined as follows. 
The errors in FRP shear strength contribution obtained by the proposed formulas are shown in 9   Table 4 . Fig. 29 shows the relationship between the experimental data and those obtained by the proposed formulas. In this figure, the points on 45-degree line represent zero difference between the experimental data and the results of the proposed formulas; and each point's distance from the 45-degree line represents the magnitude of error in calculated value.
As the graph of Fig. 29 shows, most points obtained by the proposed formula are positioned near the bisector line, which indicates the good ability of this formula to predict the shear strength contribution of FRP component.
Statistical results of the proposed formula
In this section, a number of statistical criteria for the error of proposed formula in prediction of FRP shear strength contribution are examined.
Average Error (eAvg)
The average error of the proposed formula was calculated using equation 15, and the value of this criterion for 58 available data instances was calculated to 33.3%. 
Conclusion
In this paper, first the previous studies on the shear capacity of the FRP-strengthened RC joints were reviewed. The shear strength contribution of FRP to the RC joints can be influenced by many factors, and given the complex mechanism and danger of shear failure, estimating this contribution is of significant importance for preventing early shear failure of the column before the beam. It was concluded that shear strength contribution of FRP is influenced by the six following parameters including effective depth of the FRP on the joint and the angle between the axis of the column and fiber orientation, cross-sectional area of the column, compressive strength of the concrete, modulus of elasticity of the FRP, thickness FRP, and tensile strength of the FRP.
Furthermore, shear strength contribution of FRP was considered as the output. Also, the authors tried to provide a formula for estimating the shear strength contribution of FRP jacket.
Artificial neural networks provide a general practical method for real-valued, discrete-valued, and 11 vector-valued functions from examples and so they have been widely used in the various applications of engineering fields.
Finally, the artificial neural network architecture was used to develop a model for predicting the FRP shear strength contribution, and the developed model was then used to derive a formula for estimating the shear force sustained solely by the FRP jacket in the RC joint. In the end, the results of the proposed formula were compared with the experimental data. The precision of the proposed equation was verified by existing experimental data and good level of agreement was obtained. Table 3 . 
